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ABSTRACT 
An association between acidification of lakes and high mercury con- 
centrations in fishes has been reported. In northern Wisconsin (USA), for 
example, walleye (Stizostedion vitreum) in naturally acidic lakes have higher 
mercu O' concentrations than walleye in circumneutral lakes (Weiner, 1983). 
In this stud), a bioenergetic based model for mercury uptake is applied to 
identify potential causes of higher mercury concentrations in fishes living in 
acidic lakes. Application of the model to walleye populations in northern 
Wisconsin indicates that higher mercury concentrations in acidic lakes are 
most likely a result of both increased concentrations in the water and 
increased e~'ciencies of uptake from water. Higher concentrations in the 
water would result in higher concentrations in the food. 
INTRODUCTION 
High concentrations of mercury in fish are associated with an increase in 
acidity. In Sweden, 10000 lakes have northern pike (Esox lucius) with 
mercury concentrations greater than 1 mgkg -1, and high mercury 
concentrations are associated with high acidity (Lindqvist et al., 1984). In 
northern Wisconsin, walleye (Stieostedion vitreurn) in naturally acidic lakes 
have higher mercury concentrations than walleye in circumneutral lakes 
(Wiener, 1983). Schneider et al. (1979) compared mercury concentrations in 
walleye from 59 Ontario lakes and found fish from low alkalinity lakes had 
higher mercury concentrations. Suns et al. (1980) found that mercury 
concentrations in yellow perch (Percaflavescens) from 14 lakes from Ontario 
were correlated with pH. 
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Fish are exposed to methyl-mercury in their water and food. Wobeser 
(1975) found methyl-mercury concentrations in fish muscle were directly 
proportional to the concentrations in their food. McKim et al. (1976) 
observed a rapid uptake of methyl-mercury from water and no elimination. 
Lock (1975) used a stable isotope of mercury to show that rainbow trout 
obtained most of their methyl-mercury body burdens from their food rather 
than from the water. Huckabee et aL (1979) concluded that food and water 
were about of equal importance as sources of mercury for brook trout. 
Rodgers & Qadri (1982) estimated that yearling yellow perch in the Ottawa 
River, Ontario, obtained 62% of their mercury from food and 38% from the 
water. Elimination of methyl-mercury by fishes has been studied by McKim 
et  aL (1976), Weisbart (1973) and Massaro & Giblin (1972); the rate of 
elimination is very slow. 
If the higher concentrations of mercury in fish from acidic environments 
are caused by an increased rate of uptake, then either concentrations of 
mercury available to fish must increase with acidification or mercury must 
become more readily available with acidification. There are few laboratory 
data relating mercury uptake with acidity, but a study by Drummond et al. 
(1974) suggests that methyl-mercury uptake increased with a lowering of pH. 
Methyl-mercury is the major form of mercury in fishes, and while an increase 
in acidity apparently decreases formation of methyl-mercury, it increases the 
fraction of methyl-mercury in the aqueous phase (McDonald, 1985). Haines 
(1981) concluded that, with acidification, concentrations of heavy metals 
may increase both from direct input and from dissolution from the 
watershed or sediments. 
The present study used the bioenergetic based model of Norstrom et al. 
(1976) to identify possible causes of elevated mercury residues in fish from 
low pH waters. Norstrom et al. (1976) and Jensen et al. (1982) applied the 
bioenergetics based model to describe contaminant uptake and Jensen et al. 
(1982) showed that the model could be applied to describe uptake of PCBs in 
different environments. Jensen et  aL (1982) did a sensitivity analysis for 
model parameters. 
MODELLING UPTAKE OF MERCURY 
The bioenergetic model developed by Norstrom et  al. (1976) and applied by 
Jensen et  al. (1982) is given by the equation: 
d P / d t  - epvCpv [ e W .  ~ + (1 + f l ) d W / d t ]  
qvev 
_~ epwCw [eW e + q A d W / d t ]  - k P W  v 
eoxCoxqox 
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where P =  body burden of mercury (g); epv = efficiency of uptake of 
contaminant  from food; epw = efficiency of uptake of contaminant from 
water; qf = energy equivalent of organism's food .(Cg-1); q = energy 
equivalent of organism (C g-  1); Cpv = concentration of contaminant  in food 
of fish (gg 1); Cpw = concentration of contaminant in water (gg-  1); ef = 
efficiency of utilisation of food by fish; W =  weight of fish (g); ~ = low 
routine metabolism (C week 1 g-1); /3 = coefficient relating growth rate 
to energy associated with growth; 7 = exponent of body weight for 
metabolism; v = exponent of body weight in clearance term; k = clearance 
coefficient (g-V week-l) ;  eox=efficiency of oxygen uptake; qox =energy 
equivalent of oxygen (C g-  1); Co x = concentration of oxygen in water (g g 1); 
V = rate of water flow past the gills (g week- 1). 
Norstrom et  a l  (1976) applied annual growth rates and Jensen et  al. (1982) 
applied von Bertalanffy's growth equation: 
W =  Wiof(1 - e-KX) ~ 
which describes growth in terms of  three species specific growth 
parameters-- the asymptotic weight, Win r(g), the growth coefficient, K (per 
year), and the exponent in the length weight relation b. 
RESULTS AND DISCUSSION 
Wiener (1983) reported mercury concentrations in axial muscle tissue of 
walleye from naturally acidic and circumneutral lakes in northern 
Wisconsin (Tables 1 and 2). Mercury concentrations were higher in acidic 
lakes (Fig. 1). In the acidic lakes 8 of 22 fish examined contained mercury 
concentrations higher than the United States Food and Drug Adminis- 
tration ~action level' of I mg kg-  1. In the circumneutral lakes none of the 17 
walleye examined exceeded the 'action level'. The bioenergetics based uptake 
model was applied to describe mercury uptake by walleye in these lakes. 
Parameter estimates were obtained from the literature or from data 
published in the literature (Table 3). Growth parameters were estimated 
using data for Wisconsin lakes given by Eschmeyer (1950). Metabolic 
parameters were estimated using information in Nordstrom et  al. (1976) and 
Jensen et  al. (1982). Parameters for mercury uptake were reported by 
Norstrom et  al. (1976). As a base for calculations, mercury concentrations in 
food and water reported for yellow perch ( P e r c a f l a v e s c e n s )  in the Ottawa 
River by Norstrom et  al. (1976) were applied. 
The model identifies each pathway that might result in an increase in 
mercury concentration: 1, an increase in efficiency of uptake from either 
food or water; 2, an increase in the concentration of methyl-mercury in the 
288 A.L. Jensen 
TABLE 1 
Total Mercury Concentrations in Axial Muscle 
Tissue of Walleye in Acidic Northern Wisconsin 
Lakes (from Wiener, 1983) 
Age Total length Wet weight Mercury 
(mm) (g) concentration 
(mg kg- 1) 
5 401 822 0-80 
7 484 1 304 0"82 
5 426 736 1-41 
4 426 708 1"10 
7 442 877 1-11 
5 391 737 0.41 
4 384 481 0.72 
7 478 934 1"07 
7 500 1075 1.43 
4 372 481 0'50 
5 466 1134 1"65 
4 401 652 0"58 
4 404 709 0'68 
4 399 822 0.49 
4 415 879 0.51 
4 426 765 0.57 
5 459 934 0-69 
7 531 1 673 0"89 
7 540 1 472 1.39 
5 458 1 077 0"76 
5 467 1 304 0"59 
7 521 1 389 1.74 
aqueous phase; 3, an increase in the concentration of methyl-mercury in 
food; 4, a change in the clearance coefficient; or 5, a change in the growth 
parameters. 
The model was applied to examine effects of increases in food and water 
concentrations of mercury, decreases in efficiency of uptake, decreases in 
growth, and decreases in elimination of mercury. Using the concentrations 
of  mercury observed in the food and water of  yellow perch in the Ottawa 
River gives mercury concentrations in walleye higher than those observed in 
the circumneutral lakes of northern Wisconsin, but lower than those 
observed in acidic lakes (Figs 1 and 2). Decreasing mercury concentration in 
the food by about a third gives simulated mercury concentrations in walleye 
close to those observed in circumneutral lakes (Fig. 1). To obtain mercury 
concentrations in walleye similar to those observed in the acidic lakes the 
concentration in the food must be increased by a factor of from 2- to 3-fold 
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TABLE 2 
Total Mercury Concentrations in Axial Muscle 
Tissue of Walleye in Circumneutral Northern 
Wisconsin Lakes (from Wiener, 1983) 
Age Total length Wet weight Mercury 
(ram) (g) concentration 
(mgkg 1) 
4 392 566 0"12 
5 401 566 0"24 
5 444 906 0-23 
4 375 538 0-17 
5 4OO 594 0"18 
5 469 934 0'21 
5 423 679 0"22 
4 383 509 0"27 
4 366 396 0"22 
4 370 453 0.22 
7 477 1 047 0-35 
5 391 566 0"31 
4 380 453 0"27 
7 419 623 0"32 
4 359 255 0"22 
7 426 708 0'57 
7 412 623 0"36 
5 320 371 0"38 
above that found in the yellow perch of the Ottawa River (Fig. 1). The food 
of walleye, which is generally on a higher trophic level than that of yellow 
perch, would be expected to have a higher mercury concentration than the 
food of yellow perch. The observed increase in mercury concentration in 
acidic lakes cannot be explained in terms of an increase in efficiency of 
uptake from food because the efficiency is already high at 80%. 
The mercury concentration in the water needs to be increased about 3- 
fold above that found in the Ottawa River to obtain concentrations similar 
to those observed in walleye in the acidic lakes (Fig. 2). The high mercury 
concentrations in walleye from acidic lakes also could result from an 
increase in the efficiency of uptake from water. The efficiency of uptake of 
mercury from water is only 12% (Norstrom et  al., 1976), and doubling the 
efficiency of uptake from 12% to 24% is equivalent to doubling the 
concentration in the water. The efficiency of direct uptake across the gills 
increases in waters with low pH and calcium content because of an 
increased gill membrane permeability (Rodgers & Beamish, 1983). 
Tomlinson et  al. (1980) suggested that the higher mercury concentrations 
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TABLE 3 
Parameter Estimates for Uptake of Mercury by Walleye 
Concentration in food 
Concentration in water 
Efficiency of uptake of mercury from the water 
0~ 
7 
Efficiency of oxygen uptake 
Oxygen concentration 
Caloric equivalent of oxygen 
Efficiency of uptake of mercury from food 
Efficiency of utilisation of food 
Clearance coefficient 




Exponent in length-weight relation 
Asymptotic weight 
Growth coefficient 
3'3 × 10 -8 (gg- l )  
4.0)< 10-12(gg -z) 
0'12 
12.48 (C year -1 g- l )  
0.92 
0.75 
9'32 x 10 6(gg-1) 




10"504 (g -v year- 1) 
0"58 
35.81 (g) 
5"00 X 10-6(gg -1) 
1"0 (year) 
3'25 
3 687"00 (g) 
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Fig. 1. Observed mercury concentrations (mgkg -1) in walleye in acidic (.) and 
circumneutral (+)  lakes, and simulated concentrations with food concentrations, from the 
bottom up, of 0, 1, 3.3, 6, and 9 × 10 -8 (gg-l).  
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Fig. 2. Observed mercury concentrations (mgkg - t )  in walleye in acidic (*) and 
circumneutral (+)  lakes, and simulated concentrations with water concentrations, from the 
bottom up, of 0, 4, 8, 12, and 16 × 10 12 (gg-1). 
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Fig. 3. Observed mercury concentrations (mgkg 1) in walleye in acidic (*) and 
circumneutral ( + ) lakes, and simulated concentrations with growth coefficients, from the top 
down, of 0"05, 0-10, and 0.24 (per year). 
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Fig. 4. Observed mercury concentrations (mgkg -1) in walleye in acidic (.) and 
circumneutral (+)  lakes, and simulated concentrations with elimination coefficients, from the 
top down, of 10.504, 5, 2, and 0 (g-V year). 
in fishes from acidic lakes were caused by a decrease in growth, but the 
simulations indicate that the difference in mercury concentrations between 
circumneutral and acidic lakes cannot result from a difference in the growth 
rate. An increase in pH may decrease the growth of walleye, but a large 
decrease in growth is necessary to obtain the observed increase in mercury 
concentrations (Fig. 3), and then in simulations walleye do not grow to the 
observed size (Fig. 3). Weiner (1983) also reported that the growth rate of 
walleye was not lower in the acidic lakes. 
The increase in mercury concentrations in walleye in acidic lakes cannot 
be caused by a decrease in the coefficient of elimination. If the coefficient of 
elimination is decreased to zero, the observed mercury concentrations are 
still well below those observed in the acidic lakes (Fig. 4). 
The above simulations indicate that the most likely causes of higher 
mercury concentrations in fishes from acidic lakes are increases in 
concentrations in the water and an increase in the efficiency of uptake from 
the water. An increase in the water concentration would result in an increase 
in the food concentration, so the necessary increases in the food and water 
concentrations are about one-half those necessary for increases in food or 
water concentrations alone. 
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